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Considering the explosive increase in obesity world-
wide, there must be an unknown mechanism(s)
promoting energy accumulation under conditions of
overnutrition. We identified a feed-forward mecha-
nism favoring energy storage, originating in hepatic
glucokinase (GK) upregulation. High-fat feeding
induced hepatic GK upregulation, and hepatic GK
overexpression dose-dependently decreased adap-
tive thermogenesis by downregulating thermogene-
sis-related genes in brown adipose tissue (BAT).
This intertissue (liver-to-BAT) system consists of
the afferent vagus from the liver and sympathetic
efferents from the medulla and antagonizes anti-
obesity effects of leptin on thermogenesis. Further-
more, upregulation of endogenous GK in the liver
by high-fat feeding was more marked in obesity-
prone than in obesity-resistant strains and was
inversely associated with BAT thermogenesis.
Hepatic GK overexpression in obesity-resistant
mice promoted weight gain, while hepatic GK knock-
down in obesity-prone mice attenuated weight gain
with increased adaptive thermogenesis. Thus, this
intertissue energy-saving system may contribute to
determining obesity predisposition.
INTRODUCTION
Several mechanisms are known to maintain energy homeo-
stasis—i.e., to keep body weights stable. For instance, leptin is
secreted almost exclusively from adipocytes and serves as
a major ‘‘adipostat’’ by suppressing food intake and promoting
energy expenditure. Lack of functional leptin or leptin receptors
in mice and humans results in morbid obesity (Rosen and Spie-
gelman, 2006). In addition to humoral factors, including leptin,
there is emerging evidence indicating that neuronal signals
consisting of both afferent (Uno et al., 2006; Yamada et al.,
2006) and efferent (Lam et al., 2005) pathways play important
roles in energy homeostasis (Katagiri et al., 2007). If these
systems functioned without fail, individuals could not keep gain-Cell Ming weight. However, the incidence of obesity is actually rising at
an alarming rate. Therefore, there must be a mechanism(s) that
perturbs energy homeostasis systems, thereby initiating obesity
development.
Identical excess energy intakes resulting from overfeeding do
not evoke the same degree of body weight gain in all people
(Wijers et al., 2009). Also, in rodents, predispositions to obesity
differ significantly among strains (West et al., 1992). Therefore,
we hypothesized that functional diversity of the aforementioned
putative mechanism(s) contributes to determining the differ-
ences in predisposition to obesity among individuals. In the
present study, we focused on systemic impacts, especially on
energy metabolism, of alterations in hepatic glucose metabo-
lism. Glucokinase (GK) catalyzes the first and rate-limiting step
of glycolysis to produce glucose-6-phosphate in hepatocytes.
In addition, transgenic mice overexpressing GK in the liver gain
weight more easily (Ferre et al., 2003), suggesting a role of
hepatic glucose metabolism in energy homeostasis. Therefore,
to enhance hepatic glucose metabolism, we overexpressed
GK in the liver using the adenoviral gene transduction system
and examined energy metabolism especially in brown adipose
tissue (BAT).
RESULTS
Hepatic GK Expression Increases Glycogen
Accumulation
First,weexamined the timecourseof endogenousGKexpression
levels in the livers of obesity-prone C57BL/6 mice after high-fat
diet feeding. As shown in Figure S1A, high-fat feeding markedly
upregulated hepatic GK within 1 week. These findings prompted
us to hypothesize that rapid upregulation of hepatic GK in
response to high-fat feeding might contribute to metabolic alter-
ations on the whole-body level. Therefore, to examine whether
hepatic GK expression actually affects energy metabolism, we
overexpressed GK in the livers of chow-fed C57BL/6 mice (GK
mice), using the adenoviral gene transfer system. Systemic infu-
sion of recombinant adenoviruses resulted in selective transgene
expression in the liver without increased expression in other
tissues, as reported previously (Ishigaki et al., 2005; Uno et al.,
2006). Control mice (LacZ mice), which were given LacZ adeno-
virus, showed no alterations in blood glucose levels, food intake
amounts, or plasma lipid parameters (Uno et al., 2006).etabolism 16, 825–832, December 5, 2012 ª2012 Elsevier Inc. 825
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Figure 1. Hepatic Glucokinase Expression
Suppresses Sympathetic Nerve Activity
to BAT
(A) Histological findings with hematoxylin eosin
(HE) staining of interscapular BAT on day 7 after
adenoviral administration (left panel). Diameters of
adipocytes are presented graphically (right panel).
Cell diameters of at least 100 adipocytes per
mouse in each group were traced manually and
analyzed. n = 5 per group.
(B) Relative amounts of UCP1, PGC-1a, and D2
mRNA in BAT. n = 5–6 per group.
(C) NE turnover in BAT on day 7 after adenovirus
administration. The difference in the slope of NE
decline between GK and LacZ mice was statisti-
cally analyzed by two-way ANOVA. n = 6–8 in each
group for each experiment.
(D) Coronal section of the rostral ventromedial
medulla before (upperpanel) andafter (lower panel)
microdissection of the rRPa. py, pyramidal tract.
(E) Relative amounts of c-fos mRNA in the rRPa.
n = 5 per group.
(F) Immunohistochemical detection of c-fos
protein in the rRPa.
(G) The number of c-fos positive nuclei in the rRPa.
n = 3 per group. Values shown are means ± SEM.
Significance is indicated (**p < 0.01 and *p < 0.05).
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dently increased levels of both GK mRNA (Figure S1B) and GK
protein (Figure S1C). No apparent infiltration or structural change
was observed in the livers of either LacZ or GKmice (Figure S1D).
Glycogen accumulation in GK mice was also dose-dependent
(Figure S1E and Table S1), indicating functional expression of
GK. Dose-dependent accumulation of hepatic triglycerides was
also observed inGKmice (Table S1). Consistentwith thesemeta-
bolic phenotypes, microarray analysis of the liver revealed
hepatic upregulationsof keyenzymesof theglycolysis, glycogen-
esis, and lipogenesis pathways (Table S2). Thus, hepatic GK
expression enhanced glucose and lipid metabolism in hepato-
cytes. On the other hand, there were no significant differences
in the levels of fastingplasmaglucose, insulin, leptin, triiodothyro-
nine (T3), thyroxine (T4), or lipid parameters between GK and
LacZ mice (Table S1). At this time point, there were no changes
in body weight or white adipose tissue (WAT) weight. In addition,
neither food intake (Table S1) nor locomotor activity (Figure S1F)
was altered. Rectal temperatures were also similar in GK and
LacZmice (FigureS1G). Infrared thermographic imaging revealed
the livers of GK and LacZ mice to be thermally homogenous and
similar (Figure S1H). In fact, liver-core temperatures were also826 Cell Metabolism 16, 825–832, December 5, 2012 ª2012 Elsevier Inc.similar (Figure S1I). These findings all indi-
cate that hepatic GK expression does not
induce heat production in the liver.
Hepatic GK Expression Suppresses
BAT Adaptive Thermogenesis via
Regulaton of Sympathetic Nerve
Activity
Under these conditions, intriguingly,
hepatic GK expression increased adipo-cyte sizes in BAT (Figure 1A) and decreased expressions of ther-
mogenesis-related genes, such as uncoupling protein-1 (UCP1),
peroxisome proliferator activated receptor-gamma coactivator-
1a (PGC-1a), and type II 50-deiodinase (D2) (Figure 1B) in
a manner dependent on hepatic GK expression levels. An
inverse correlation between hepatic GK and BAT UCP1 expres-
sions was also observed on day 15 after adenovirus injection
(Figure S1J). Activation of the sympathetic nervous system
(SNS) is well known to enhance UCP1, PGC-1a, and D2 expres-
sion levels, thereby increasing thermogenesis in BAT (Morrison
et al., 2008). Indeed, norepinephrine (NE) turnover in BAT was
decreased in GK mice (Figure 1C), indicating suppressed
sympathetic nerve activity to BAT. We further examined expres-
sion of c-fos, a molecular marker of neuronal activation (Williams
et al., 2008), in the rostral raphe pallidus nucleus (rRPa) (Fig-
ure 1D), which contains the putative sympathetic premotor
neurons responsible for thermogenesis in BAT (Morrison et al.,
2008). Hepatic GK induction significantly decreased mRNA
expression levels of c-fos in rRPa neurons (Figure 1E). In addi-
tion, c-fos-positive neurons in the rRPa of GK-mice were signif-
icantly decreased as compared with those of LacZmice (Figures
1F and 1G). Thus, these results indicate that GK expression in the
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Figure 2. Hepatic GK Expression Sup-
presses BAT Thermogenesis and Increased
Adiposity
(A) NE-induced oxygen consumptions were
measured 7 days after adenovirus administration.
GK or LacZ mice were anesthetized and placed in
metabolic chambers at 33C. When oxygen con-
sumption stabilized, NE (left panel) or saline (right
panel) was injected.
(B) Averageofmaximum response toNE, andbasal
oxygen consumption, based on the data in (A).
(C and D) Gene expressions in BAT and WAT of
GK mice under mildly hypothermic and thermo-
neutral conditions. Adenovirus vector for LacZ or
GK was intravenously administered to mice. The
mice were then kept at 23C or 28C for 7 days,
followed by determining relative amounts of
UCP1, PGC-1a, and D2 mRNA in BAT (C) and of
HSL mRNA in WAT (D).
(E) Basal metabolic rates of conscious GK and
LacZ mice during the light period.
(F) Body weight changes during a 13 day period at
28C following adenoviral administration. Body
weight was measured under ad libitum feeding
conditions during the light period every 3 days.
(G) The weights of epididymal, mesenteric, and
retroperitoneal WAT at 13 days after adenoviral
administration. Values shown are means ± SEM
(n = 5–8 per group). Significance is indicated
(**p < 0.01 and *p < 0.05). NS, not significant.
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activity.
Next, we measured systemic oxygen consumption induced
by NE. This procedure is used for measurement of adaptive non-
shivering thermogenesis (Golozoubova et al., 2006). As shown in
Figure 2A, enhancement of oxygen consumption in response to
NE was markedly suppressed in GK mice. While basal levels of
oxygen consumption were similar, the mean maximal response
to NE was significantly lower in GK mice (Figure 2B). These find-
ings suggest that GK mice, in which BAT is less active, have
a reduced capacity for adaptive nonshivering thermogenesis.
To further confirm suppression of BAT adaptive thermogene-
sis, we kept LacZ and GK mice at different ambient tempera-
tures. Mice with suppressed BAT thermogenesis, such as
UCP1 (Feldmann et al., 2009; Liu et al., 2003), D2 (Castillo
et al., 2011), and thyroid hormone receptor-a (Pelletier et al.,
2008) -deficient mice, commonly exhibit paradoxical body-
weight phenotypes at different ambient temperatures. In these
mice, since BAT thermogenesis is impaired, subthermoneutrality
(i.e., 18C–23C) induces less efficient heat production mecha-
nisms in other tissues, such as shivering thermogenesis, tomain-
tain thermal homeostasis, thereby increasing lipolysis in WAT
and paradoxically reducing adiposity. In contrast, under thermo-
neutral conditions (i.e., 28C–30C), in which these alternative
mechanisms need not to function, intrinsic BAT functionCell Metabolism 16, 825–832,becomes evident and suppression of
BAT thermogenesis directly increases
body weight. Similar results were ob-
tained in GK mice. On day 7 after GK
adenovirus administration, expressionsof UCP1, PGC-1a, and D2 in BAT were significantly reduced
under both subthermoneutral and thermoneutral conditions (Fig-
ure 2C). WAT weight was significantly decreased at subthermo-
neutrality (Table S3a) with upregulation of hormone sensitive
lipase (HSL) in WAT (Figure 2D). In contrast, when these mice
were placed at thermoneutrality, neither WAT HSL upregulation
nor WAT weight reduction was observed (Figure 2D and Table
S3a). The basal metabolic rate of GK mice at subthermoneutral-
ity was significantly increased as compared with that of LacZ
mice, but this increase disappeared at thermoneutrality (Fig-
ure 2E). Rectal temperatures were similar in LacZ and GK mice
under both conditions (Table S3a). Furthermore, when mice
were kept thermoneutoral for 13 days, hepatic GK expression
significantly increased body and WAT weights in a manner
dependent on hepatic GK expression levels (Figure 2F and
2G). Serum leptin levels were increased in a manner dependent
on hepatic GK expression levels, reflecting increased body fat
mass in GK-mice (Table S3b). All of these findings confirmed
suppression of BAT thermogenesis in GK mice.
Vagal Signals from the Liver Mediate the Liver-to-BAT
Interaction
By what mechanism did hepatic GK induction suppress sympa-
thetic nerve activity to BAT, resulting in reduced thermogenesis
in BAT? We previously reported that hepatic peroxisomeDecember 5, 2012 ª2012 Elsevier Inc. 827
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Figure 3. Afferent Vagus Transmits Sig-
nal(s) fromHepatic Glucokinase to the Brain
(A) Relative amounts of UCP1, PGC-1a, and D2
mRNA in interscapular BAT.
(B) Histological findings with HE staining of BAT
(left panel). Diameters of adipocytes are presented
graphically (right panel). Cell diameters of at least
100 adipocytes per mouse in each group were
traced manually and analyzed.
(C) Relative amounts of c-fos mRNA in the rostral
rRPa. Hepatic vagotomy (HV) or sham operation
(SO) was performed 7 days before the adminis-
tration of LacZ or GK adenovirus. Values shown
are means ± SEM (n = 6–7 per group). Significance
as compared to LacZ mice is indicated (**p < 0.01
and *p < 0.05). NS, not significant.
Cell Metabolism
Liver GK Regulates BAT Thermogenesisproliferator-activated receptor-g (PPAR-g) induction elicits
sympathetic activation through afferent vagal signals originating
in the liver (Uno et al., 2006). Therefore, to examine whether
afferent signals from the hepatic vagus mediate sympathetic
inactivation of BAT, we dissected the hepatic branch of the vagal
nerve. On day 7 after selective hepatic vagotomy (HV), we
administered recombinant adenovirus, encoding LacZ or GK.
Body, WAT, and liver weights; blood glucose; serum insulin,
and leptin levels were unaffected by these procedures, i.e., HV
and sham operation, in both GK- and LacZ mice (Table S4). In
contrast, selective HV completely abolished the decreases in
BAT UCP1, PGC-1a, and D2 expressions (Figure 3A) and the
increase in brown adipocyte sizes (Figure 3B) observed in GK
mice. Furthermore, while hepatic GK induction significantly
decreased c-fos expression in rRPa neurons in sham-operated
mice, the reduction in c-fos expression was reversed by HV (Fig-
ure 3C). These results suggest that afferent vagal signals are
involved in hepatic GK expression-induced suppression of
BAT thermogenesis via inactivation of sympathetic transmission
from the rRPa.
Hepatic GK Expression Suppresses Leptin’s Effects
on Thermogenesis
The leptin system is well known to play major roles in maintaining
energy homeostasis (Gautron and Elmquist, 2011). Therefore,
we next examined whether actions of leptin are modulated by
the neuronal signals triggered by hepatic GK induction. Six
consecutive days of intraperitoneal leptin injection resulted in
similarly suppressed food intakes in LacZ and GK mice (Table828 Cell Metabolism 16, 825–832, December 5, 2012 ª2012 Elsevier Inc.S5). Consistent with suppressed food
intake, leptin treatment similarly en-
hanced c-fos and pro-opiomelanocortin
expressions and suppressed neuropep-
tide Y expression in the rostral arcuate
nucleus (ARC) in LacZ and GK mice (Fig-
ure S2A). These findings suggest that
hepatic GK induction does not affect
ARC neuron activities and thus has no
effects on food intake. In contrast, lep-
tin-induced upregulations of UCP1 and
PGC-1a in BAT (Figure S2B) as well as
c-fos expression in the rRPa (Figure S2C)were markedly attenuated in GK-mice. Thus, hepatic GK induc-
tion suppresses leptin’s effects on the rRPa-SNS-BAT pathway.
Upstream from the rRPa, neurons of the parvocellular subdivi-
sion of the paraventricular nucleus of the hypothalamus (PVN)
are reportedly activated by leptin (Madden and Morrison, 2009;
Morris and Rui, 2009). In the PVN of LacZ and GK mice, leptin
administration similarly upregulated c-fos and thermogenic
neurotransmitters, such as corticotrophin releasing hormone or
thyroxin releasing hormone (Figure S2D). Thus, hepatic GK
induction selectively antagonized leptin’s effects on energy
expenditure downstream from the hypothalamus.
Hepatic GK Induction Contributes to Determining
Obesity Predisposition
What roles does this neuronal mechanism, triggered by hepatic
GK induction, play in physiological settings? As described
above, hepatic GK expression is endogenously enhanced from
the early stage of obesity development in C57BL/6 mice (Fig-
ure S1A), an obesity-prone strain (West et al., 1992). We next
compared endogenous GK expression in the liver and UCP1
expression in BAT between obesity-prone, such as C57BL/6
and AKR, and obesity-resistant, such as SWR/J and A/J, mice
(West et al., 1992) after 1 week of high-fat diet feeding. Hepatic
GK expressions were more markedly enhanced in obesity-prone
than in obesity-resistant mice (Figure 4A). Interestingly, these
enhancements of hepatic GK expression were inversely associ-
ated with UCP1 expression levels in BAT (Figure 4B). Therefore,
we hypothesized that the liver-to-BAT interaction influences the
predisposition to obesity. To examine this hypothesis, we first
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Figure 4. Glucokinase Induction in the Liver due to Overnutrition Regulates Predisposition to Obesity
(A and B) C57BL/6, AKR, SWR/J, and A/J mice were fed either the high-fat diet or chow for 1 week. mRNA expression levels of GK in the liver (A) and UCP1 in
interscapular BAT (B) of high-fat diet-fed mice are presented as ratios to those of chow-fed mice.
(C) Relative amounts of UCP1, PGC-1a, and D2 mRNA in BAT 7 days after adenovirus injection.
(D) Body weight changes during a 13 day period at 28C following adenoviral administration. Body weight was measured under ad libitum feeding conditions
during the light period every 3 days.
(E) Relative amounts of GK mRNA in the liver (left panel). Immunoblotting of liver extracts with anti-GK and anti-actin antibody (right panel).
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Liver GK Regulates BAT Thermogenesisinduced hepatic GK expression in obesity-resistant SWR/J
mice fed normal chow. Adenoviral GK expression in the liver
suppressed UCP-1, PGC-1a, and D2 expressions in BAT (Fig-
ure 4C) and enhanced body-weight gain (Figure 4D) even in
obesity-resistant mice. Next, we attempted to suppress
endogenous GK expression in the livers of obesity-prone
C57BL/6 mice during high-fat diet feeding. Administration of
recombinant adenovirus expressing short hairpin RNA for GK
to high-fat diet-fed C57BL/6 mice substantially suppressed
endogenous GK expression in the liver (Figure 4E). On day 7
when metabolic parameters, including blood glucose, serum
insulin, and leptin levels, were similar in GK-knockdown mice
(GK-KD-mice) and control mice (Table S6), mRNA expression
levels of UCP1, PGC-1a, and D2 in BAT were significantly
increased by GK knockdown in the liver (Figure 4F). c-fos
expression was also increased in the rRPa of GK-KD-mice
(Figures 4G, 4H, and 4I). In addition, NE-induced oxygen
consumption was significantly elevated in GK-KD mice without
significant differences in basal oxygen consumption (Figures
4J and 4K). As a result, high-fat diet-induced weight gain was
significantly suppressed in GK-KD mice (Figure 4L). Thus, levels
of endogenous GK upregulation in the liver induced by a high-fat
diet are likely to contribute to obesity predisposition by modu-
lating adaptive thermogenesis.
DISCUSSION
Several humoral and neuronal systems (Katagiri et al., 2007;
Rosen and Spiegelman, 2006), including leptin signals, produce
negative feedback mechanisms against overnutrition to keep
individuals lean. However, considering the explosive increase
in obesity worldwide, there would presumably be other mecha-
nism(s) blocking this negative feedback and promoting energy
accumulation under conditions of overnutrition. The intertissue
(liver-brain-BAT) system observed in this study may be one of
such feed-forward mechanisms promoting the accumulation of
energy in response to short-term but continuous overnutrition.
Hepatic GK induction selectively antagonized leptin’s effects
on energy expenditure enhancement. Leptin’s effects on food
intake are well known to be inhibited after obesity development,
a condition termed ‘‘leptin resistance’’ (Gautron and Elmquist,
2011; Myers et al., 2010). In contrast, given the present results
indicating that inefficient leptin action on energy expenditure
precedes obesity development, this type of leptin resistance
may contribute to obesity onset.
HV completely blocked hepatic GK expression-induced
suppression of BAT thermogenesis and downregulations of
c-fos expression in the rRPa and thermogenesis-related(F) Relative amounts of UCP1, PGC-1a, and D2 mRNA in BAT.
(G) Relative amounts of c-fos mRNA in the rRPa. (H) Immunohistochemical dete
(I) The number of c-fos positive nuclei in the rRPa.
(J) NE-induced oxygen consumptions were measured 7 days after adenoviral adm
chambers at 33C. When oxygen consumption stabilized, NE (left panel) or salin
(K) Average of maximum response to NE, and basal oxygen consumption, based
(L) Body weight changes during an 11 day period at 25C following adenoviral ad
during the light period every 2 days. In (C) and (D), chow-fed SWR mice were inje
PFU. In (E) through (L), C57BL/6mice were injected with recombinant adenovirus e
protein (control) at a dose of 2.2 3 108 PFU. The next day, their food was switc
adenovirus injection. Values shown are means ± SEM (n = 5–7 per group). Signifi
830 Cell Metabolism 16, 825–832, December 5, 2012 ª2012 Elseviergenes in BAT, indicating involvement of a neuronal relay,
consisting of vagal afferents from the liver and sympathetic
efferents to BAT. Hepatic GK expression did not affect liver
core temperature, indicating no involvement of hepatic heat
production in this intertissue mechanism. Previous investiga-
tions found hepatic alterations in glucose and lipid metabolism
to affect vagal afferents and sympathetic efferents (Bernal-
Mizrachi et al., 2007; Uno et al., 2006). In this study, hepatic
GK expression altered glycolysis, glycogenesis, and lipogenesis
pathways in the liver. Therefore, afferent signals mediating
GK-derived metabolic information in the liver are likely to be
transmitted through the hepatic vagus to the brain, leading to
sympathetic inactivation of BAT, though howmetabolic changes
in the liver affect vagal afferent nerve activity remains unclear.
Since hepatic GK upregulation, i.e., increased glucose phos-
phorylation, triggers thermogenesis suppression, this intertissue
system is considered to function as a feed-forward mechanism
favoring energy storage. Several-genes, such as PPAR-g
(Auwerx et al., 2003), which mediate feed-forward pathways
that favor energy storage, have been identified. In contrast to
these ‘‘thrifty genes’’ (Neel, 1962), the systemic mechanism
identified in the present study is the ‘‘thrifty system’’ governing
metabolic cooperation among organs/tissues. This mechanism
might have worked advantageously under conditions of repeti-
tive excesses and shortages of food. Unfortunately, however, it
seems to trigger obesity development in the current age of
constant plenty.
Identical excess energy intake does not evoke the same
degrees of weight gain in different people (Wijers et al., 2009),
suggesting variations in adaptive thermogenesis among individ-
uals. Moreover, it is well known that predispositions to obesity
vary among rodent strains. Differences in BAT thermogenesis
according to UCP1 induction are among the important causes
of these variations in obesity predisposition (Prpic et al., 2002;
Surwit et al., 1998). The present study demonstrates hepatic
GK to modulate UCP1 expression in BAT and the resultant
adaptive thermogenesis. In addition, hepatic GK induction in
response to overnutrition differs between obesity-prone and
obesity-resistant murine strains. Furthermore, while hepatic GK
expression in obesity-resistant mice decreased UCP1 expres-
sion and BAT thermogenesis, resulting in weight gain, hepatic
GK knockdown in obesity-prone mice increased BAT thermo-
genesis and suppressed weight gain. These findings strongly
suggest that hepatic GK induction is involved in determining
the obesity predispositions of various murine strains. Several
studies on obese diabetic humans have shown hepatic GK
activity to be enhanced (Belfiore et al., 1989) and BAT function
to be impaired (Cypess et al., 2009), although intensive studiesction of c-fos protein in the rRPa. py, pyramidal tract.
inistration. GK-KD or control mice were anesthetized and placed in metabolic
e (right panel) was injected.
on the data in (J).
ministration. Body weight was measured under ad libitum feeding conditions
cted with recombinant adenovirus encoding GK or LacZ at a dose of 2.4x107
ncoding short-hairpin (sh) RNA for GK (GK-KD) or shRNA for green fluorescent
hed from regular chow to the high-fat diet. Mice were sacrificed 7 days after
cance is indicated (**p < 0.01 and *p < 0.05). NS, not significant.
Inc.
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Liver GK Regulates BAT Thermogenesisare needed to elucidate whether the system identified in this
study is also relevant to obesity onset in human subjects.
In conclusion, we have demonstrated that hepatic GK, which
is upregulated in the early stage of continuous overnutrition,
regulates BAT thermogenesis. This intertissue mechanism may
contribute to flipping a metabolic switch promoting obesity.
Furthermore, this system is involved in determining obesity
predisposition and therefore constitutes a promising clinical
target for obesity prevention.
EXPERIMENTAL PROCEDURES
Details of experimental procedures are given in the Supplemental Experi-
mental Procedures.
Animals
Nine-week-old male C57BL/6, AKR, SWR/J, and A/J mice were individually
housed with controlled temperature (25C unless otherwise indicated). Mice
were injected with adenovirus via the tail vein. Animal studies were conducted
in accordance with Tohoku University institutional guidelines.
NE-Induced Oxygen Consumption
Mice were anesthetized with pentobarbital (95 mg/kg, i.p.), and indirect calo-
rimetry was performed for 30 min at 33C to obtain basal values. Each mouse
was then briefly removed from the calorimetry chamber, injected with norepi-
nephrine (1 mg norepinephrine/kg, subcutaneously), and returned to the
chamber, and oxygen consumption was measured for another 60–80 min.
Laser Microdissection
Coronal cryostat sections (25 mm) of the PVN, ARC, and rRPa were placed on
PEN-coated slides (Leica Microsystems). Laser microdissection was carried
out on a Leica AS LMD (Leica Microsystems). Immediately after microdissec-
tion, total RNA was purified as previously described (Kaneko et al., 2009).
Statistical Analysis
All data are expressed as means ± SEM. The statistical significance of differ-
enceswas assessed using the two-tailed unpaired t test or ANOVA followed by
multiple comparison, as appropriate.
SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, six tables, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at http://dx.doi.org/10.1016/j.cmet.2012.11.006.
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